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Abstract 

Background: The use of tracking technologies is key for the study of animal movement and pivotal to ecological and 
conservation research. However, the potential effects of devices attached to animals are sometimes neglected. The 
impact of tagging not only rises welfare concerns, but can also bias the data collected, causing misinterpretation of 
the observed behaviour which invalidates the comparability of information across individuals and populations. Pata-
gial (wing) tags have been extensively used as a marking method for visual resightings in endangered vulture species, 
but their effect on the aerodynamics of the birds and their flight behaviour is yet to be investigated. Using GPS back-
pack mounted devices, we compared the flight performance of 27 captive and wild Cape Vultures (Gyps coprotheres), 
marked with either patagial tags or coloured leg bands.

Results: Individuals equipped with patagial tags were less likely to fly, travelled shorter distances and flew slower 
compared to individuals equipped with leg bands. These effects were also observed in one individual that recovered 
its flight performance after replacing its patagial tag by a leg band.

Conclusions: Although we did not measure the effects of patagial tags on body condition or survival, our study 
strongly suggests that they have severe adverse effects on vultures’ flight behaviour and emphasises the importance 
of investigating the effects that tagging methods can have on the behaviour and conservation of the study species, 
as well as on the quality of the scientific results.
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Background
When measuring a phenomenon, the mere process of 
recording it influences our comprehension of the phe-
nomenon itself [1]. The rapid development of tracking 
technologies and miniaturised sensors (bio-logging) 
allows us to finally answer long standing hypotheses 
about animal behaviour while providing a fertile envi-
ronment to tackle novel research questions [2]. GPS 
loggers and geolocators record animal movements, 

accelerometers, cameras and proximity sensors can 
inform us about detailed behaviours and interactions 
among individuals and internal sensors such as heart rate 
loggers can provide information about the animals’ phys-
iology. Finally, additional sensors can report on the envi-
ronmental conditions experienced by the animals, such 
as temperature, air or water pressure and water depth.

The detail and spatial coverage of these data and the 
fact that they can be collected remotely from wild free-
ranging animals are unprecedented, and impossible to 
achieve using direct observation [3]. Therefore the use 
of bio-logging and especially tracking technology is fun-
damental for the study of animal movement and pivotal 
to ecological and conservation research. However, the 
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potential bias caused by the process of data collection has 
been often underrated.

Researchers are aware that tagging devices might 
affect the behaviour and survival of animals and more 
and more studies are suggesting solutions to minimise 
their effects, despite these being difficult to estimate and 
account for when interpreting results. Several studies 
have shown that the behaviour of birds can be affected 
by the attached devices [4–6]. A study on migrating 
birds, highlighted how return rates of individuals carry-
ing geolocators were significantly lower than in the con-
trol group [7]. Devices attached to birds were also shown 
to negatively influence reproduction, nesting, parental 
care and survival, to reduce flight speeds [8, 9], and to 
increase energy expenditure [4, 6]. Some studies dem-
onstrated an extension of the foraging trip duration due 
to the attached devices [6] whereas Wanless et  al. [10] 
reported shorter foraging trips for birds equipped with 
devices compared to the control group.

These behavioural changes can not only have a negative 
impact on the reproduction and survival of animals [6], 
but also bias our understanding of animal behaviour [4]. 
In fact, effects of tagging methods pose, beyond being a 
concern for animal welfare, a major problem because of 
their systematic bias on the data. So far, there has been 
little or no research on how tagging methods affect the 
movement metrics that we collect and analyse, and on 
which we base our understanding of the behaviour in a 
population. Although, the effects of devices on animals 
are difficult to measure, we need to increase our efforts 
towards quantifying and understanding them. By under-
estimating the effects of devices we risk to invalidate 
the efforts of our research community in studying and 
preserving animal behaviour, especially in the case of 
threatened species which are often subjects of movement 
ecology studies.

The weight of a device, relative to an animal’s body 
weight (a currently accepted upper limit of to date 3% or 
5%), is in general the only aspect currently considered in 
movement ecology studies involving tracking technol-
ogy or marking methods [11, 12]. Yet, also other aspects, 
such as device attachment (where and how the device is 
attached to the animals body) and device-induced drag, 
have been shown to affect flight behaviour [13]. In order 
to avoid these negative effects, researchers recommended 
to minimise the weight and reduce the drag coefficient 
of the device [5, 9, 14, 15], to use flexible harnesses to 
reduce injuries for the birds [4, 16], and to position the 
devices at the centre of gravity to avoid destabilisation [1, 
10, 17].

Patagial tags have been extensively used as markers in 
the last decades and have played an important role in 
behavioural studies. However, several studies confirmed 

adverse effects of patagial tags related to behaviour, nest-
ing success and survival [18–20]. Studies on vultures, 
suggested that patagial tags might affect the aerodynam-
ics of flight by impacting lift [21], which could negatively 
affect the energetic cost of flight. The severity of these 
effects also depends on tag material, as plastic tags might 
lift off the surface of the wing during flight and have a 
stronger impact compared to softer vinyl tags, which lie 
flat on the wing [22]. If the weight and drag of a tag on 
the wing were problematic per se, the way in which ana-
tomic structures of the wing interact during flight makes 
the exact placement of such a tag even more so. A recent 
review on proper patagial tag placement highlighted 
how an incorrect placement of a tag on the patagium 
can cause injuries and result in the grounding of vultures 
[23]. Most of the vulture populations currently studied 
are endangered and in dire need of informed conserva-
tion action; hence studying their movements while find-
ing the least invasive tagging technique to study their 
behaviour has become a priority. Researchers recently 
introduced leg bands as an alternative to patagial tags 
for individual identification [23]. In addition to marking 
methods, researchers use GPS tracking devices to fol-
low individual trajectories and asses habitat use, resource 
selection and flight performance.

In this study, we compare the impact of patagial tags 
vs leg bands on the flight performance of an endangered 
soaring bird species, the Cape Vulture (Gyps coprotheres). 
Specifically, we investigate the effects of tag attachment 
in wild and captive bred individuals on flight probability, 
proportion of time spent flying, cumulative distance trav-
elled and ground speed.

Results
Between 2015 and 2019, we used GPS devices to track 27 
vultures (14 wild and 13 captive bred) and marked them 
with either patagial tags (15 birds) or leg bands (13 birds). 
The trajectories of the 27 individuals covered an area 
between – 17◦ and – 32◦ latitude. Individuals equipped 
with different tag attachments showed clear differences 
in the area they covered during the tracking period 
(Fig. 1). The final data set consisted of 5822 tracking days 
between April 2015 and November 2019, of which 2292 
corresponded to birds equipped with leg bands (1079 of 
wild and 1213 of captive individuals), and 3530 to birds 
wearing patagial tags (1870 of wild and 1660 of captive 
individuals). The average tracking time for the individu-
als in the study was 2380.1 ± 302.7 h [mean ± SE; min = 
172.5 h, max = 7027.6 h]. The number of segments per 
day considered in the analysis ranged from 1 to 82 and 
among all individuals, we recorded 2974 days (51%) in 
which no flight segment was recorded.
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In days when at least one flight segment was recorded, 
the birds flew only 11.3 ± 0.002 % [mean ± SE] of their 
daily tracking time, and covered a daily distance of 70.8 
± 1.2 km flying on average with a daily median ground 
speed of 6.9 ± 0.05 ms−1 . A comparison of the raw data 
between attachment types and groups showed that the 
proportion of days with flight and the daily values of 
proportion of time spent flying, cumulative distance 
travelled and median ground speed were the lowest in 
captive birds equipped with patagial tags and the highest 
in birds wearing leg bands (similarly so between captive 
and wild; Fig. 2).

During the study, one captive vulture originally released 
with a patagial tag was found grounded, whereupon its 
patagial tag was replaced with a leg band (see Methods). 
After the tag replacement, we detected an increase in the 
flight parameters (Fig. 3) for this individual.

Inferences about the effect of tag attachment and group 
on the flight performance of the birds were drawn based 
on the results of four generalized additive mixed models 

(GAMMs). Flight probability, proportion of time spent 
flying, daily cumulative distance travelled and ground 
speed were included as response variables. In all four 
models, attachment type and group (captive or wild) and 
their interaction term were included as predictors. To 
account for the uneven tracking effort we additionally 
included the number of daily locations and number of 
days since release.

Occurrence of flight (flight probability)
Occurrence of flight (0–absence, 1–presence) was 
included as a response variable in the first GAMM. This 
model contained 5822 observations (days) of which 2292 
belonged to the leg band group (0 = 656, 1 = 1636) and 
3530 to the patagial group (0 = 2318, 1 = 1212), for a 
total of 27 individuals. The proportion of days in which 
no flight was recorded was higher for individuals wear-
ing patagial tags (65.6 %) compared to those wearing 
leg bands (28.6 %; Fig.  2). Our model predicted flight 
probability to be lower (albeit not significantly) for wild 

Fig. 1 GPS trajectories of 27 African Cape Vultures, wild and captive, equipped with either leg bands or patagial tags. Colours show the four 
combinations of these categories. Red points indicate the release sites
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individuals equipped with patagial tags compared to wild 
individuals equipped with leg bands (patagial = – 1.47 
± 0.79 [estimate ± SE]). The effect of patagial tags on 
flight probability was the strongest and lower than the 
significance threshold (p < 0.05) for captive individuals 
equipped with patagial tags (patagial:captive = – 2.20 
± 0.83). We detected no significant difference between 
captive and wild individuals equipped with leg bands. 
Indeed, our model predicted the highest probability to fly 
(84 %) for wild individuals with leg bands and the low-
est (6.47 %) for captive individuals with patagial tags. 
Among-individual variability was quite high, with 95 % of 
the individuals having a flight probability between 24.5 % 
and 98.8 %. However, the variability attributable to indi-
vidual variation (intercept SD = 1.42) was lower than the 
effect associated with the patagial attachment both on 
wild and captive individuals (Table 1).

All smooth terms included in the model (duration, i.e. 
number of days since deployment, number of locations 
and Julian date) had a significant effect on the occurrence 
of flight. Flight probability increased with the number of 
locations until around 50 locations, indicating that using 
a number of daily segments < 50 could result in a lower 
probability of detecting flight. Flight probability was 
highest (> 50%) between the end of May and the begin-
ning of September (days 150–250). The tracking duration 
(number of days since deployment) positively influenced 
flight probability after 500 days (about 1.4 years) from 
deployment (see Additional file 1: Fig. S1).

The following three models were all run only on days 
in which at least one flight segment was recorded (n = 
2848 days, 1636 corresponding to leg band and 1212 to 
the patagial group for 27 individuals).

Fig. 2 a Proportion of tracking days in which flight occurred, b daily proportion of time spent flying, c daily cumulative distance travelled, and d 
daily median ground speed, across groups. Different colours differentiate the four groups: captive bred individuals equipped with leg bands, wild 
individuals equipped with leg bands, captive individuals equipped with patagial tags and wild individuals equipped with patagial tags
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Daily proportion of time spent flying
Daily proportion of time spent flying did not differ sig-
nificantly for individuals wearing patagial tags, compared 
to leg bands, nor did it differ between captive and wild 
individuals. The difference between the groups spend-
ing the highest and the lowest proportion of their time 
flying was rather small: 0.20 for wild individuals wearing 
patagial tags (patagial = 0.11 ± 0.14) and 0.16 for captive 

individuals with patagial tags (patagial:captive = – 0.17 ± 
0.14). 95 % of the individuals showed a proportion rang-
ing from 0.11 to 0.27, making among-individuals variabil-
ity high (intercept SD = 0.26) compared to the effect of 
tag attachment and group (Table 2).

Tracking duration, number of daily locations and Julian 
date, all included as smooth terms in the model, had a 
statistically significant effect on the proportion of time 

Fig. 3 Increase in daily proportion of time spent flying for one individual vulture after replacing the patagial tag with a leg band. Days with 
proportion of time = 0 correspond to days in which no flight occurred. Gray polygons highlight days for which no tracking data were available
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spent flying. Proportion of time spent flying increased 
with the number of daily locations and reached its maxi-
mum at around 30 locations, indicating that recording < 
30 segments per day would decrease our chances to iden-
tify flight segments. The model showed a small seasonal 
effect on the proportion of time spent flying, with a small 
increase between the beginning of April and the end of 
October. The proportion of time spent flying did not to 
be influenced by the duration of the tracking period (see 
Additional file 1: Fig. S2).

Daily distance travelled
Wild individuals equipped with patagial tags travelled 
significantly shorter distances, of about 10 km less, com-
pared to wild individuals equipped with leg bands (effect 
size patagial = – 0.65 ± 0.22). In captive bred individu-
als, the difference between distance travelled when wear-
ing leg bands and patagial tags was smaller than in wild 
individuals (about 7 km) and statistically non-significant. 
When comparing within the same tag attachment type, 
we did not find any significant difference between wild 
and captive bred individuals. The random structure of the 
model showed small among-individual variation, with 95 
% of the individuals travelling between 50 and 72 km/day. 
The variability attributable to individual variation (inter-
cept SD = 0.37) was lower relative to the effect associated 
to the patagial attachment on wild birds (Table 3).

The positive and significant effect of the number of 
daily locations suggests that collecting a higher number 

of segments per day would result in recording larger daily 
distances. Our model showed no seasonal effect on the 
distance travelled and no increase or decrease in daily 
movement with the number of days from release (see 
Additional file 1: Fig.S3).

Daily median ground speed
Wild individuals equipped with patagial tags reached 
significantly lower ground speeds (about 0.88 ms−1 less) 
compared to wild individuals wearing leg bands (effect 
size patagial = – 0.17 ± 0.07). The model showed no 
significant differences between wild and captive bred 
individuals, however the effect sizes suggest that cap-
tive individuals wearing leg bands travelled at the 
fastest speeds, about 7.2 ms−1 , while captive individu-
als with patagial tags at the lowest, about 5.9 ms−1 
(patagial:captive = – 0.09 ± 0.09). Among-individuals 
variability was relatively high (intercept SD = 0.10) if 
compared to the largest effect size due to the patagial 
attachment, and 95 % of the individuals showed a daily 
median speed between 6 and 8 ms−1 (Table 4).

The number of daily locations, duration of tracking and 
Julian date significantly influenced median ground speed. 
Daily median ground speed significantly increased with 
the number of daily locations and reached an asymptote 
at around 25 locations. Ground speed also increased until 
around 200 days (about seven months) after deployment 
but this increase was not consistent over time. The model 

Table 1 GAMM with occurrence of flight included as dependent variable, interaction between tag attachment and group 
as fixed term and individual identity as random intercept

Number of days since deployment, number of locations and day of the year were included as smooth terms. The model was fitted with the restricted maximum 
likelihood using the binomial family and a logit link function

NS p≥0.05; * p < 0.05; ** p < 0.01; *** p < 0.001

Coefficients Estimates SE t p

Intercept 1.66 0.59 2.79 **

Patagial attachment − 1.47 0.79 − 1.86 NS

Captive group − 0.66 0.73 − 0.92 NS

Patagial:Captive − 2.20 0.83 − 2.65 **

Smooth terms Edf Ref. df F p

Tracking duration 5.93 5.93 6.62 ***

N. Locations 5.88 5.88 23.35 ***

Date 6.75 8.00 13.99 ***

Random effects Intercept Std. Dev N. Groups

Individuals 1.42 27

Random effects Intercept Std. Dev N. Groups

N. Observations 5822

Adjusted R 0.30
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also showed a seasonal effect on the daily ground speed, 
with a slight decrease in speed between the beginning of 
April and the end of October (see Additional file 1: Fig. 
S4).

Discussion
We have demonstrated that tag attachment has a severe 
impact on the flight performance of Cape Vultures. 
Individuals equipped with patagial tags covered a much 
smaller area compared to the leg band group. Our results 
showed that both wild and captive individuals equipped 
with patagial tags were significantly less likely to take 
flight (lower proportion of days in which flight occurred) 
and when doing so flew at significantly lower ground 
speed compared to individuals wearing leg bands. 
Although statistically not significant, we believe it to be 
relevant that among all groups, captive individuals wear-
ing patagial tags also spent the least proportion of time 
flying. Finally and as a consequence of the above, our 
models also showed that wild birds equipped with pata-
gial tags travelled significantly shorter distances com-
pared to those wearing leg bands.

The four groups showed different general directions 
of movement: individuals in the patagial wild group 
either remained in the release area or moved towards SE 
and patagial captive individuals mainly remained in the 
release area or moved SSW, while both leg band groups 
showed a movement pattern towards NNW. While the 
smaller area covered by the patagial groups is in line 
with our results, there is no obvious hypothesis behind 
the differences in movement direction observed between 
groups. However, we could speculate that an interplay of 
different environmental conditions, including resource 
distribution and weather conditions, could be the cause 
of such pattern. Different groups could be attracted to 
different sources of food, and specific local weather con-
ditions, such as main wind directions at different times 
and locations, could be guiding the birds to different 
areas.

Age and experience are known to affect ranging behav-
iour and distance travelled in vultures, with younger 
individuals moving more than older ones, who already 
established their breeding territories [24, 25]. In this 
study, due to our small sample size, it was not possible to 
account for age in the models. Our dataset included 21 
individuals among which were fledglings, juveniles and 
subadults and only six adults. However, the adult indi-
viduals were equally distributed between the two attach-
ment types, thus we are confident that omitting age from 
the models did not bias our findings.

Shorter daily distance travelled means smaller area cov-
ered every day by the birds to forage. Vultures are scaven-
gers and as such cover large areas to feed on ephemeral 

food resources [26]. At individual and population level, 
a restricted flight potential and therefore a restricted 
area available to forage might not be a problem if food 
resources are abundant, but they surely reduce an indi-
vidual’s ability to react to changes in food availability and 
environmental conditions. A restricted area covered daily 
by these birds can also lead to ecosystem-level effects. 
Scavengers play an important role in the ecosystem 
thanks to the services they provide, such as preventing 
the spread of infectious diseases, recycling organic mate-
rial into nutrients and stabilising food webs [27]. There-
fore a restricted flight potential and reduction in the area 
covered by these birds caused by improper tag attach-
ment can have far-reaching consequences at the ecosys-
tem level.

Our results are consistent with previous studies, show-
ing that tag attachment influences foraging trip duration. 
In some studies, birds carrying extra weight had shorter 
foraging trips [10, 17]. Other studies investigating the 
effect of device weight, however, showed that birds car-
rying devices exhibited longer foraging trips [6, 28, 29], 
suggesting that individuals wearing extra weight might 
have to compensate for their increased greater energy 
demands by travelling more and farther in search for 
food [13, 17, 30, 31]. This might raise questions about 
whether the decrease in the four flight parameters 
included in our study should be considered detrimental 
for the birds. Unfortunately, we did not have access to 
information about body condition, fitness or survival rate 
of the individuals after they were tagged. Hirschauer et al. 
[23] found that patagial tags can be easily misplaced, 
and that birds equipped with improperly attached pata-
gial tags were more often found grounded or injured. 
The results of our study increase the understanding of 
the effects of patagial tags. By comparing patagial tags 
and leg  bands we suggest that patagial tags, even when 
properly attached, decrease the birds’ flight performance, 
likely increasing the probability of grounding.

All birds included in the study were equipped with 
a GPS in addition to the marking method (patagial or 
leg band), which might raise concerns in terms of poten-
tial cumulative effect of the two devices. Flight param-
eters from control birds without GPS devices would be 
difficult to measure and could only be obtained using 
direct observations. We can therefore only speculate 
about the cumulative effect of GPS and patagial tags on 
the flight performance. However, all birds were equipped 
with the same type of GPS device and therefore experi-
enced the same additional weight, the only difference 
being the marking method. This allowed us to estimate 
the effect of patagial tags on flight performance.

Previous studies suggested that in vultures, a device 
attached on the wing can influence the aerodynamics of 
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flight [21, 22], while to our knowledge no negative effects 
on flight performance have been reported for devices 
attached to the leg. We also presume that patagial tags 
affect different flight behaviours i.e. soaring, gliding and 
flapping differently, affecting in particular the gliding 
phase most severely. Patagial tags may induce a loss of 
lift by increasing drag. This loss of lift should thus force 
the birds to increase their air speed to remain aloft, 
which during gliding they can only achieve by increasing 
their sinking rate [31]. Dropping faster will consequently 
reduce the horizontal distances they can cover while glid-
ing, and eventually result in lower horizontal ground 
speed, which is what we found in individuals equipped 
with patagial tags. Smaller distances covered during 
gliding also result in reduced chances to reach the next 
available uplift (soaring opportunity) or in the animals 
misjudging their ability to glide between thermals and 
thus ground them.

Our suggestion of an adverse effect of patagial tags is 
further supported by the anecdotal evidence of one indi-
vidual vulture sequentially equipped with both types of 
attachment. This captive vulture, originally equipped 
with a patagial tag and released, was found grounded 
about 6 months later and after rehabilitation its tag was 
replaced with a leg band. The data showed that after the 
tag replacement, all flight parameters measured for this 
individual increased to match the movement parame-
ters of the other leg banded individuals, suggesting that 
this individual was rather hampered previously in its 
movement.

More research is needed to fully understand the conse-
quences of different tagging methods on vultures, includ-
ing their direct effects on body condition, reproduction 
and survival. Nonetheless, we urgently recommend using 
leg bands instead of patagial tags. Should the use of pata-
gial tags be considered unavoidable, we urge researchers 
to consult experts about the exact positioning of the tag 
on the patagium (see the manual in [23]). Some research-
ers in South Africa already started replacing patagial 
tagging with leg banding. Fast implementation of such 
changes, in response to up cutting-edge research on the 
topic, are especially important for endangered and criti-
cally endangered species, such as the Cape Vulture and 
other African vulture species which are declining in 
numbers dramatically [32]. In such species, the use of 
the least invasive tagging method can have a significant 
impact on their population stability and extinction risk.

Tracking devices and tagging methods are under con-
stant development and the body of literature assessing 
their impact is inevitably not comprehensive. The chal-
lenging task for the movement ecology research commu-
nity is to keep up with the methodological developments 
by studying how different devices and attachments affect 

animal behaviour in order to improve current methods 
to minimise their impact [16]. In addition to reducing 
the weight of the devices attached on animals, research-
ers should empirically examine the negative effects of the 
attached devices, device size and deployement duration 
on the study species [12] and take advantage of the simu-
lation approaches to optimize tag design and reduce drag 
[15]. Equipping birds with devices generally affects many 
aspects of their behaviour and ecology [4]. In several 
cases, however, studies reported contradicting results of 
the effects of different devices on birds [4, 33]. For exam-
ple, some studies showed adverse effects of patagial tags 
while others reported no effects [33]. The reason for that 
could be that different species respond differently to the 
attachment of devices because of their ecological differ-
ences [6]. When assessing which device to use, it is there-
fore necessary to understand its impacts on the specific 
study species or on phylogenetically related or function-
ally similar species. Discrepancies between studies may 
also be generated by differences in the temporal and spe-
cial scales at which data were collected, or by differences 
in the environmental conditions the animals experienced 
[6]. Therefore, to gain a better understanding of the 
impact of tagging methods, it is important to take into 
account possible differences due to methodology (e.g. 
tag type, sampling schedule), environmental context (e.g. 
seasonality), and different aspects of the species’ biology 
(i.e. flight, body condition, reproduction) [4, 6].

Conclusions
Researchers need to balance the benefits of data acquired 
by tracking animals with the adverse consequences on 
the animals’ health and the potential biases on the sci-
entific results. These biases invalidate the comparability 
of information across individuals and populations tagged 
with different methods, and defeat the purpose of gen-
eralising our behavioural conclusions beyond the single 
device and attachment. As movement ecologists we aim 
to study the movement behaviour of animals in different 
conditions to predict how different species or population 
would react to changes in their environment. Compari-
sons at different spatial and temporal scales are there-
fore an important part of our field of research, but these 
comparisons risk to become meaningless if we choose to 
ignore the biases due to how we measure the phenom-
enon we observe.

Methods
Data collection
Between 2015 and 2019, we tracked 27 Cape Vultures 
in South Africa (14 males and 13 females of which 
six were adults, four fledglings, 16 juveniles and one 
was a subadult). Thirteen vultures were captive bred 
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and 14 wild. We equipped individuals with back-
pack mounted GPS devices, which were held in place 
between the shoulders on the birds back using harness 
straps that go through the inside of the birds legs and 
each collar bone, as described in detail by Wolter and 

her colleagues [34] (accessible on: https ://vulpr o.com/
wp-conte nt/uploa ds/2020/02/Wolte r-et-al-Proto cols-
for-Mass-Captu re-Handl ing-and-Fitti ng-track ing-devic 
es-on-Gyps-vultu res-V3.0-Nov-20181 .pdf ). These birds 
were marked with either patagial tags (56g, Fig. 4a; 15 

Fig. 4 Dimensions of (a) patagial tag, (b) leg band and (c) GPS device

Table 2 GAMM with  daily proportion of  time spent flying included as  dependent variable, interaction between  tag 
attachment and group as fixed term and individual identity as random intercept

Number of days since deployment, number of locations and day of the year were included as smooth terms. The model was fitted with the restricted maximum 
likelihood using the binomial family and a logit link function

NS p≥0.05; * p < 0.05; ** p < 0.01; *** p < 0.001

Coeff Est SE t p

Intercept − 1.51 0.11 − 14.23 ***

Patagial att 0.11 0.14 0.77 NS

Captive group − 0.09 0.13 − 0.69 NS

Patagial:Captive − 0.17 0.14 − 1.20 NS

Smooth terms Edf Ref. df F p

Tracking duration 7.28 7.28 26.03 ***

N. Loc 8.92 8.92 16,584.51 ***

Date 7.68 8.00 210.37 ***

Random effects Intercept Std. Dev. N. Groups

Individuals 0.26 27

N. Observations 2848

Adjusted R 0.93

https://vulpro.com/wp-content/uploads/2020/02/Wolter-et-al-Protocols-for-Mass-Capture-Handling-and-Fitting-tracking-devices-on-Gyps-vultures-V3.0-Nov-20181.pdf
https://vulpro.com/wp-content/uploads/2020/02/Wolter-et-al-Protocols-for-Mass-Capture-Handling-and-Fitting-tracking-devices-on-Gyps-vultures-V3.0-Nov-20181.pdf
https://vulpro.com/wp-content/uploads/2020/02/Wolter-et-al-Protocols-for-Mass-Capture-Handling-and-Fitting-tracking-devices-on-Gyps-vultures-V3.0-Nov-20181.pdf
https://vulpro.com/wp-content/uploads/2020/02/Wolter-et-al-Protocols-for-Mass-Capture-Handling-and-Fitting-tracking-devices-on-Gyps-vultures-V3.0-Nov-20181.pdf
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birds) or a leg band (7g, Fig. 4b; 13 birds). Patagial tags 
were placed on both wings within the patagium region 
[23, 34], while the leg band was fitted only around one 
leg. Age classes by tag type and group are presented in 
Additional file 1: Table S1. One individual was released 
twice, wherefore there are 28 tracking events of 27 indi-
viduals included in the study. This captive bred bird was 
first released on March 5, 2018 and equipped with GPS 

and patagial tag. On September 21, 2018 the same bird 
was found grounded and showed no interest in flying. 
Its patagial tag was removed and the bird was rehabili-
tated. On December 27, 2018 the bird was equipped 
with the same GPS model and leg band and released 
back into the wild. This allowed us to evaluate the effect 
of the tag replacement on the bird’s flight performance.

Table 3 GAMM with  the  square root of  the  daily cumulative distance included as  dependent variable, interaction 
between tag attachment and group as fixed term and individual identity as random intercept

Number of days since deployment, number of locations and day of the year were included as smooth terms. The model was fitted with the restricted maximum 
likelihood using the gaussian family

NS p ≥0.05; * p < 0.05; ** p < 0.01; *** p < 0.001

Coeff Est SE t p

Intercept 7.79 0.16 49.42 ***

Patagial att − 0.65 0.22 − 2.97 **

Captive group − 0.09 0.21 − 0.44 NS

Patagial:Captive 0.19 0.27 0.70 NS

Smooth terms Edf Ref. df F p

Tracking duration 5.34 5.34 6.37 ***

N. Loc 7.28 7.28 3568.63 ***

Date 5.45 8.00 3.76 ***

Random effects Intercept Std. Dev N. Groups

Individuals 0.37 27

N. Observations 2848

Adjusted R 0.92

Table 4 GAMM with  the  square root of  the  daily median ground speed included as  dependent variable, interaction 
between tag attachment and group as fixed term and individual identity as random intercept

Number of days since deployment, number of locations and day of the year were included as smooth terms. The model was fitted with the restricted maximum 
likelihood using the gaussian family

NS p≥0.05; * p < 0.05; ** p < 0.01; *** p < 0.001

Coeff Est SE t p

Intercept 2.67 0.05 58.34 ***

Patagial att − 0.17 0.07 − 2.59 **

Captive group 0.02 0.06 0.36 NS

Patagial:captive − 0.09 0.09 − 1.05 NS

Smooth terms Edf Ref. df F p

Tracking duration 5.60 5.60 7.20 ***

N. Loc 6.30 6.30 85.68 ***

Date 4.50 8.00 3.06 ***

Random effects Intercept Std. Dev N. Groups

Individuals 0.10 27

N. Observations 2848

Adjusted R 0.26



Page 11 of 13Curk et al. Anim Biotelemetry            (2021) 9:11  

For tracking, we used second and third-generation 
GPS-GSM Wildlife Telemetry System from Cellular 
Tracking Technologies (1000-BT3 and 1000a series) 
with a weight of 68g (90.1 x 45.5 x 22.1 mm; Fig.  4c). 
The devices sampled positions 24 h/day at the median 
of either 1, 5 or 15 min. Sampling frequency for some 
individuals was reduced at night, with 90 % of locations 
across all individuals being collected between 4:00 and 
16:00. The accuracy of the GPS devices was given at 2.5 m 
(50% CEP statistical test) or 5 m (95 % 2dRMS statistical 
test).

Captive birds were born and raised in captivity at Vul-
Pro’s rehabilitation centre and released before the age of 
one. All wild birds were found grounded due to minor 
injuries (e.g. heat stroke, starvation, weather) and admit-
ted to the rehabilitation centre at VulPro for a couple of 
months before being released back into the wild. Before 
2018, birds were released from the VulPro rehabilitation 
centre (long 27.953784, lat – 25.710670; captive-bred 
= 2, wild = 6) whereas after 2018, from the release site 
located at Nooitgedacht (long 27.535714, lat – 25.855547; 
captive-bred = 11, wild = 8). At both these sites there 
are established vulture restaurants; however, Kane et  al. 
[35] found that supplementary feeding sites do not alter 
the natural foraging behaviours of the Cape Vulture. Fur-
thermore, the two release sites were 60 km apart along 
with the Magaliesburg mountain range, resulting in birds 
experiencing the same factors on release, such as the spa-
tial topography, urbanisation, artificial feeding sites, etc. 
Therefore, we assume that artificial feeding sites had the 
same impact on each individual involved in the study.

Data processing
The initial data set included a total of 625,861 GPS loca-
tions from 27 individuals and 28 tagging events. We 
manually removed GPS locations falling outside the 
African continent. We then removed additional outliers 
based on speed between consecutive locations using the 
R package ctmm to account for location error [36]: we set 
a conservative GPS error (user equivalent range error) of 
10 m, used the functions available in the ctmm package 
to compute speed and variance in speed at each location, 
and repeatedly removed locations with speed > 25 ms−1 
[37]. This procedure was only used to detect and remove 
outliers but not for statistical purposes. The map in Fig. 1 
shows the distribution of the clean trajectories.

After removing outliers we thinned the trajectories, in 
order to minimise potential biases in speed and distance 
calculations due to variable sampling frequency. Thin-
ning was done by selecting from the original track only 
segments with 15 ± 5 min time lag. We then calculated 
time lag, horizontal displacement (straight-line dis-
placement) and ground speed between locations of the 

selected segments. Ground speed was calculated as the 
straight-line displacement between two consecutive loca-
tions divided by the time lag. Both thinning and variable 
calculations were performed using the R package move 
[38].

For the next part of the analysis, we excluded seg-
ments with variance in speed > 0.5 ms−1 and time lag 
> 1 h because we considered them less reliable in the 
speed calculation. We classified the remaining seg-
ments into flying and not-flying based on a speed 
threshold of 2 ms−1 which we used to calculate met-
rics of flight performance to evaluate the effects of tag 
attachment. Specifically, for each individual and day 
of tracking we calculated: (i) Occurrence of flight (1 if 
at least one flight segment was recorded in the day, 0 
otherwise); (ii) Proportion of time spent flying in a day 
(sum of flight time divided by tracking time for each 
day); (iii) Cumulative distance travelled (sum of hori-
zontal displacements during flight segments, in km); 
and (iv) Median ground speed (median of the speeds 
achieved during flight segments, in ms−1).

Data analysis
We used four GAMMs (R package mgcv [39]) to test 
the effect of tag attachment on each of the above flight 
parameters. In all four models, attachment type and 
group (captive or wild) and their interaction term were 
included as fixed terms. The number of locations and 
number of days since release (deployment date) were also 
included in the models to account for the uneven track-
ing effort (number of locations and tracking duration) 
between days and individuals. These two parameters 
were included in the model as smooth terms (thin plate 
regression splines). Given the year-round tracking, we 
additionally included in the model Julian date (day of the 
year in the range 1–366) as cyclic cubic regression spline, 
to account for non-linear effects of seasonality. Finally, 
individual identity was included as a random effect in all 
models. Models including the proportion of time spent 
flying and occurrence of flight as response variables were 
fitted as logistic regressions with a “logit” link function. 
The variables cumulative distance travelled and median 
ground speed were square-root transformed and the cor-
responding models fitted using a Gaussian error distri-
bution. Data processing and analysis were performed in 
R [40]. The complete R scripts to reproduce the analysis 
can be found in Additional file 2.
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